Examining \u3ci\u3eListeria monocytogenes\u3c/i\u3e Cell Envelope Physiology in Dairy Relevant Environments by Magee, Kathryn Ann
University of Tennessee, Knoxville 
TRACE: Tennessee Research and Creative 
Exchange 
Masters Theses Graduate School 
8-2018 
Examining Listeria monocytogenes Cell Envelope Physiology in 
Dairy Relevant Environments 
Kathryn Ann Magee 
University of Tennessee, kmagee@vols.utk.edu 
Follow this and additional works at: https://trace.tennessee.edu/utk_gradthes 
Recommended Citation 
Magee, Kathryn Ann, "Examining Listeria monocytogenes Cell Envelope Physiology in Dairy Relevant 
Environments. " Master's Thesis, University of Tennessee, 2018. 
https://trace.tennessee.edu/utk_gradthes/5132 
This Thesis is brought to you for free and open access by the Graduate School at TRACE: Tennessee Research and 
Creative Exchange. It has been accepted for inclusion in Masters Theses by an authorized administrator of TRACE: 
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu. 
To the Graduate Council: 
I am submitting herewith a thesis written by Kathryn Ann Magee entitled "Examining Listeria 
monocytogenes Cell Envelope Physiology in Dairy Relevant Environments." I have examined the 
final electronic copy of this thesis for form and content and recommend that it be accepted in 
partial fulfillment of the requirements for the degree of Master of Science, with a major in Food 
Science and Technology. 
Thomas G. Denes, Major Professor 
We have read this thesis and recommend its acceptance: 
Faith Critzer, Doris H. D'Souza 
Accepted for the Council: 
Dixie L. Thompson 
Vice Provost and Dean of the Graduate School 
(Original signatures are on file with official student records.) 
Examining Listeria monocytogenes Cell Envelope 










A Thesis Presented for the 
Master of Science 
Degree 


































Copyright © 2018 by Kathryn A. Magee 




















I would like to thank my major professor, Thomas Denes, for giving me the 
opportunity to pursue graduate studies and to push me to be a better student and 
working professional. He has really made me get the most out of my education and has 
helped me through the times of struggle and supported me in times of success. I also 
would like to thank Faith Critzer and Doris D’Souza for serving on my committee and 
providing a new insight on the project and helping me reach my goals. 
I really appreciate the entire Food Science Department at the University of 
Tennessee. I came to the university as an outsider and they have welcomed and 
supported me throughout the whole process. I truly enjoyed being able to give back to 
the department by serving as the Food Science Club President and as a member of the 
Dairy Products Judging Team. This department cares a lot about their students and 
provides so many opportunities for them to reach their full potential. I feel very lucky to 
have been a part of such a great department. 
Lastly, I would like to thank my boyfriend, Mark Eddy, and my family and friends. 
They have been there for me since day one with their love and support. They’ve pushed 
me through the hard times and made me smile and laugh when I thought the world was 
ending. They gave me the confidence to pursue my dreams and I can’t thank them 










In the food industry, many interventions used to control L. monocytogenes target 
the cell envelope, the outer barrier of the cell made up of various glycopolymers and 
wall teichoic acids. The cell envelope functions in protection of the cell and as an 
entryway for many treatment methods. It’s unclear if changes in the environment will 
affect the physiology of the cell envelope and in turn the cell’s sensitivity to antimicrobial 
interventions. For example, nisin is a common bacteriocin used as an antimicrobial 
agent against L. monocytogenes. However, previous studies have found that cell 
envelope changes are responsible for the acquisition of nisin resistance. It has also 
been shown that environmental conditions such as temperature and pH have had 
significant impact on nisin and bacteriophage susceptibility. The purpose of this study 
was to determine if typical dairy processing conditions affect the physiological state of L. 
monocytogenes cell envelope. Model laboratory, dairy outbreak, and mutant strains of 
L. monocytogenes were grown on skim milk agar media at different pHs (5.7, 6.0, 6.2, 
6.5) and temperatures (6°C, 14°C, 22°C, 30°C) relevant to the dairy industry. The cells 
were collected, washed, and standardized to a specific optical density (OD600). The cells 
were then added to either phage binding or cytochrome c binding assays. Phages LP-
048 and LP-125 were used as they bind to specific cell surface residues (N-
acetylglucosamine and rhamnose). Cytochrome c was used to measure cell wall charge 
as a negative charge indicator. Significant differences were found between conditions, 
but results varied by experiment and strain. It was concluded that the physiological state 




cell envelope is a major factor in resistance or susceptibility to antimicrobials and other 
control interventions, these data suggest that control interventions can be targeted to 
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Listeria monocytogenes: A Foodborne Pathogen 
Biology and Pathogenesis 
Listeria monocytogenes is a gram-positive facultative anaerobic rod bacterium 
that can cause a severe disease known as listeriosis. L. monocytogenes belongs in the 
genus Listeria. Currently, 17 different species are a part of this genus but only six of 
them are known as Listeria sensu strictu. Species that are a part of this subgroup share 
common phenotypic characteristics such as the ability to grow at low temperatures, 
motility at 30°C, and a positive catalase reaction (98).  In addition to Listeria  
monocytogenes, Listeria sensu strictu includes Listeria marthii, Listeria innocua, Listeria 
welshimeri, Listeria seeligeri, and Listeria ivanovii (29). Only two of these species, L. 
monocytogenes and L. ivanovii, have been known to be pathogenic to humans and 
ruminants, respectively (104). 
L. monocytogenes is ubiquitous in the environment and is tolerant to many 
environmental stresses. It has the ability to grow at a range of temperatures from -0.4°C 
to 50°C, making it a psychrotrophic organism (49). This pathogen is highly salt tolerant, 
growing in concentrations of up to 10% NaCl. It’s also acid tolerant, surviving at a pH 
range of 4.6 to 9.5 (19, 46). L. monocytogenes contains approximately four to six 
peritrichous flagella making it a motile bacterium (82). However, flagellar motility is 
temperature dependent (99). At 30°C and below, L. monocytogenes is motile and can 




temperature (37°C), it’s been found that flagellar motility genes are down regulated and 
the bacteria does not express flagella (82, 95, 99).  
These resilient characteristics make L. monocytogenes persistent in wild and 
domestic animals, soil, waste water, birds, insects, and vegetation (46, 106). This 
distribution gives the bacterium ample opportunity to spread through the food system. 
For example, contamination can be brought into a processing plant through raw 
products, employees, pests, improper sanitation procedures, or inefficient control 
strategies (19, 38). Since L. monocytogenes can survive and thrive in food processing 
environments, food contamination is the biggest source of listeriosis infection (19, 44).  
The start of a potential listeriosis infection begins upon ingestion of a 
contaminated product. The infectious dose needed to cause disease is variable based 
on the individual. Typically, a healthy individual requires a higher dose to cause illness. 
Those who are young, old, pregnant, or immunocompromised are more susceptible to 
disease from a lower initial dose (5).  The gastrointestinal system serves as the 
pathogen’s primary mode of entry into the hosts cells (130). As the bacterial cells travel 
through the gastrointestinal tract, they first reach the intestinal epithelium. It’s at this 
point, the pathogen utilizes receptor mediated endocytosis to enter the host’s non-
phagocytic cells such as epithelia (104). Entry is majorly regulated by two cell surface 
proteins in the internalin family called Internalin A (InlA) and Internalin B (InlB). These 
proteins bind to host cell membrane receptors called E-cadherin and Met (receptor of 
hepatocyte growth factor) (33). Once bound, entry into the cell is initiated and the 




mediated by secretion of a toxin called listeriolysin O (LLO) and two phospholipases, 
phospholipase A (PlcA) and phospholipase B (PlcB) (104, 130). This causes the 
vacuole to break and release the pathogen into the cytoplasm of the cell. The bacteria 
can then initiate cell-to-cell spread. Intracellular and intercellular motility is regulated by 
the polymerization of the protein actin. The creation of actin propels the bacteria from 
cell to cell making them less discoverable to host immune responses (101, 104, 130).  
The virulence mechanism described above is controlled by the regulatory protein, PrfA. 
With PrfA, L. monocytogenes is able to switch between extracellular and intracellular life 
(35). 
As the pathogen moves from cell to cell, it travels from the intestinal epithelium to 
the lamina propria. This allows the pathogen to disseminate throughout the body via the 
lymph into the bloodstream and towards its target organs, the liver and spleen (32). In 
the liver, the hepatocytes are the primary locations of bacterial multiplication (130). 
Once replicated to higher numbers, the bacteria can be spread through the blood 
causing bacteremia. This allows the pathogen to cross the blood-brain barrier and 
cause neurological illness such as meningoencephalitis. It also can cross the placental 
barrier in pregnant women leading to neonatal septicemia or abortion (104, 130).  
L. monocytogenes is a deadly pathogen that causes outbreaks, deaths, and 
many food product recalls each year. Understanding the biology and pathogenicity of L. 
monocytogenes is beneficial to developing pathogen control strategies within the food 




Clinical Manifestations and Epidemiology  
L. monocytogenes is infectious to both humans and animals (67). It’s estimated 
that approximately 1,455 hospitalizations occur in the United States each year from 
foodborne listeriosis, resulting in 255 deaths. This makes L. monocytogenes, the third 
leading cause of death due to foodborne illness; behind nontyphoidal Salmonella spp., 
and Toxoplasma gondii (113). Once an individual is infected, the disease can manifest 
itself in two different forms. There is non-invasive gastrointestinal listeriosis and invasive 
listeriosis. Non-invasive listeriosis in immune-competent individuals causes fever and 
typical gastroenteritis symptoms such as diarrhea, cramps, nausea, and vomiting. 
These clinical symptoms usually begin about 20 hours after initial ingestion (3, 34). The 
invasive disease can lead to severe septicemia and meningoencephalitis in 
immunocompromised individuals and placental infection and abortion in pregnant 
women (3). The symptoms of invasive listeriosis typically start much later than non-
invasive, approximately 20 to 30 days after initial ingestion (109). 
Specific strains of L. monocytogenes are differentiated by a variety of 
mechanisms which is helpful in tracking outbreak data. After a clinical lab reports 
Listeria infection to the public health department, the samples are sent to a state public 
health lab where they are subjected to pulsed-field gel electrophoresis (PFGE). This 
method creates a DNA fingerprint for a bacterial isolate which is recorded in the CDC’s 
PulseNet database (6). This process can take up to four days to complete. In addition to 
PFGE, whole genome sequencing (WGS) can also be performed to observe the 




additional three weeks to complete due to logistics (6). An older method of 
differentiation is to serotype based on somatic (O) and flagellar (H) antigens. This 
method is still used, however, newer techniques such as PFGE and WGS provide a 
much more discriminatory method (32).  
Over time, phylogenetic research involving subtyping with these and other 
methods such as ribotyping and sequence variation divided L. monocytogenes into four 
distinct lineages (128). Lineage I includes serotypes 1/2b, 3b, 4ab, 4d, 4b, and 4e (27, 
133). Lineage II includes serotypes 1/2a, 1/2c, 3a, and 3c (133) . Lineage III is made up 
of serotypes 4a, 4c, 7 and some strains of 4b (32, 97). Lineage IV, most recently 
classified, contains serotypes 4a, 4b, and 4c (97, 135). When observing human and 
food isolates, it’s found that most isolates are comprised of Lineage I and II strains (97). 
Most cases of human listeriosis are caused by four serotypes including 1/2a, 1/2b, 1/2c, 
and 4b (32).  
Food Safety, Outbreaks, and Associated Costs 
 Listeriosis is transmitted primarily through contaminated food. As a result, many 
food processors have made food safety a top priority to prevent these outbreak events. 
The United States has many regulatory agencies in charge of enforcing food safety 
policies. The US Department of Agriculture (USDA), Food Safety and Inspection 
Service (FSIS) are generally responsible for meat, poultry, and egg products. The Food 
and Drug Administration (FDA) is generally responsible for all other foods including 




conducts epidemiological investigations and disease surveillance for foodborne illness 
(117).  
 In 1987, the collaboration of these three agencies generated a zero-tolerance 
policy of L. monocytogenes in ready-to-eat (RTE) foods. Ready-to-eat foods are food 
products that do not need any further processing before consumption. This policy states 
that a RTE food shall be labeled adulterated if L. monocytogenes is detected in either of 
2, 25-g samples of product. This is defined in Federal Food, Drug, and Cosmetic Act, 21 
U.S.C. 342(a)(1) (117, 128). This principle also applies for meat and poultry products 
under the Federal Meat Inspection Act and Poultry Inspection Act, 21 U.S.C. 601(m) or 
453(g), respectively.  
 Despite the efforts of these regulatory agencies, outbreaks have still frequently 
occurred. One of the first outbreaks to be associated with foodborne transmission of L. 
monocytogenes was in Canada in 1981 involving contaminated coleslaw. This outbreak 
resulted in 17 deaths with a 27% infant mortality rate and 28.6% adult mortality rate (20, 
31). In the United States, the first recognized Listeria outbreak was with pasteurized 
milk in Massachusetts in 1983. In this outbreak, 49 patients acquired listeriosis and 14 
of those patients died from their illness (45).  
Perhaps one of the most well-known Listeria outbreaks occurred in 2011 from 
contaminated cantaloupe grown at Jensen Farms in Colorado. This outbreak caused 84 
cases from 19 different states. Of these patients, 15 deaths were reported (4). Using 
epidemiological methods, all four of the outbreak strains were traced back to the 




their cantaloupe products and the damage resulted in millions of dollars in law suits and 
restitutions. Though the number of cases involved in the cantaloupe outbreak is quite 
large, there are a few other outbreaks in the United States that have surpassed this. 
Those include a Mexican-style cheese outbreak with 142 cases (1988) and a 
frankfurter-associated outbreak with 108 cases (1998-1999) (84, 91).  
A recent Listeria outbreak (2015) occurred due to contaminated ice cream from 
Blue Bell Creameries. This event resulted in 10 hospitalizations, 3 deaths, and a recall 
of all products made by Blue Bell Creameries (103). Unfortunately, these outbreaks are 
only a few of many that have occurred throughout the world in the past decades due to 
L. monocytogenes contamination. 
The most common products that have been found contaminated with L. 
monocytogenes are prepared meats, dairy products, unwashed raw vegetables, and 
seafood (31). It is currently estimated that a single recall can cause $160 to $300 
thousand in lost product (70). It’s also estimated that sales of the product decrease 
significantly by 22% to 27% during the following months after a recall (124). With these 
risks on the line, companies make food safety a top priority and are always re-
evaluating their pathogen control strategies to keep up with current measures. 
L. monocytogenes Cell Envelope Physiology 
The Cell Envelope of L. monocytogenes 
Many different components make up a bacterial cell. These include a cell 




together to create a functioning and living organism and all have crucial responsibilities. 
The cell envelope itself is the outer layer of the cell composed of several glycopolymers 
and wall teichoic acids. It serves an integral role in protecting the internal components 
but also in controlling transport in and out of the cell. In a rapidly changing environment, 
the response of the cell envelope is most critical in maintaining the essential 
components of life (118). 
In the late 1800s, scientist Christian Gram developed a method that differentiated 
and helped classify bacteria into two different groups based on the cell envelope. These 
are known as Gram-negative and Gram-positive organisms. Gram-positive organisms 
could retain the crystal violet stain while Gram-negative could not. This technique 
changed the way bacteria were identified and classified. It also opened the door to an 
entire new field of study looking at the fundamental structures that made these two 
groups so different (11).  
The difference between Gram-negative and Gram-positive organisms lies within 
the cell envelope. A Gram-negative cell envelope is composed of an outer membrane, a 
peptidoglycan cell wall, and an inner cell membrane. This outer membrane is only found 
in Gram-negative organisms and is made up of a lipid bilayer to help protect the cell in 
rugged environments (118). The outer membrane also contains glycolipids and 
lipopolysaccharides that contribute to infectious properties (73, 105, 118). The 
peptidoglycan layer is composed of repeating units of disaccharide N-acetyl 
glucosamine and N-acetylmuramic acid and gives the cell it’s characteristic shape 




membrane proteins that contribute to energy production, lipid biosynthesis, and protein 
secretion and transport (118). The inner membrane is negatively charged giving the 
bacteria higher affinity for positively charged cations (136). These structures are present 
in Gram-negative organisms such as Escherichia coli, Campylobacter jejuni, and 
Salmonella, all prominent foodborne pathogens that can cause serious disease (118).  
As this thesis focuses on Listeria monocytogenes, the details on Gram-positive 
cell envelopes will be covered in much more detail. One of the biggest differences 
between a Gram-negative and Gram-positive cell is that Gram-positive cells do not have 
an outer membrane. To make up for the lack of outer membrane, Gram-positive cells 
have a much thicker peptidoglycan layer. Polymers called teichoic acids weave through 
this peptidoglycan layer. There are two types of teichoic acids. The first are wall teichoic 
acids (WTA). WTAs are covalently bound to the peptidoglycan layer itself through a 
phosphodiester bond. The second group of teichoic acids are lipoteichoic acids (LTA). 
LTAs are amphipathic molecules that are bound to the inner cell membrane (39, 118).  
In L. monocytogenes, WTAs are mostly composed of polyglycerol-phosphate 
(GroP) or polyribitol-phosphate (RboP). These WTAs contain repeating RboPs with 
various carbohydrate compounds such as N-acetylglucosamine (GlcNAc), rhamnose 
(Rha), glucose (Glc), and galactose (Gal) (39). Glycosidic substitutions on the polyribitol 
phosphate backbone account for structural diversity in different serotypes of L. 
monocytogenes (74, 126). Serotype 1/2 typically contains Rha and GlcNAc on the ribitol 
molecule while serotype 3 contains only GlcNAc. Serotypes 4, 5, and 6 contain GlcNAc 




WTAs have a multitude of functions in L. monocytogenes. They have been 
shown to play a role in biofilm formation, phage binding, cell division, and other 
interactions (118, 136). The cell envelope can also be a key target for control of L. 
monocytogenes in the food industry. Understanding the key components and 
physiology of the cell envelope is crucial for establishing the most effective treatment 
methods in food applications. 
Antimicrobial Activity and Environmental Effects on the Cell Envelope 
Bacterial cells contribute a significant amount of energy towards the biosynthesis 
of their cell envelope. Therefore, it’s concluded that the cell envelope has an important 
function when it comes to surviving in a hostile environment such as the gastrointestinal 
tract (118, 136). As L. monocytogenes is a Gram-positive organism, the cell envelope 
contains a variety of cell-wall glycopolymers that consist of wall teichoic acids. These 
WTAs have been shown to play a part in protection of the cell by blocking the pores 
between peptidoglycan strands. They also can modify the physicochemical properties to 
block the passage of harmful substances such as antibiotics, bacteriocins, surfactants 
and bacteriophages (136).  
Several studies have also shown how changes in cell surface features can affect 
tolerance to antimicrobials (8, 52, 53, 127). In previous studies, it’s been shown that L. 
monocytogenes cell envelope-acting antimicrobial tolerance is dependent on an 
alternative sigma factor called SigB (8). Alternative sigma factors are proteins that help 
simultaneously regulate large numbers of genes (76). Several loci regulated by SigB 




membrane characteristics including charge and lipid composition (8). These 
characteristics contribute to the susceptibility of the cell to cell envelope-acting 
antimicrobials including bacteriocins and antibiotics. Another study, Vadyvaloo et. at 
(2004) found that L. monocytogenes strains that were highly resistant to class IIa 
bacteriocins had a more positive cell surface and higher alanine:phosphorus ratio in the 
teichoic acids.  
Though the cell envelope can provide protection from various threats, it is still a 
common target for antimicrobials. The use of cell envelope-acting antimicrobials has 
great potential to prevent or decrease the growth of L. monocytogenes in food products 
(72, 86, 94, 138). However, much research is needed to understand the interactions of 
these interventions with the cell envelope and how environmental conditions affect 
these reactions.  
An example of a cell envelope-acting antimicrobial is nisin. Nisin is a bacteriocin 
produced by a Gram-positive bacterium called Lactococcus lactis. It can be used as an 
antimicrobial against many foodborne pathogens including Staphylococcus aureus, 
Clostridium botulinum, and Listeria monocytogenes. Nisin is known to attach to the cell 
envelope by binding to a major cell wall component precursor (Lipid II) (16). After 
attachment, the bacteriocin inserts itself into the membrane and forms pores ultimately 
destroying the cell (47, 65). In some cases, mechanisms have developed over time in 
Listeria that result in nisin resistance. For example, d-alanylation of teichoic acids has 




LTA causes an increase in positive charge on the cell surface. Therefore, this makes 
the cell less susceptible to cationic peptide attacks by nisin (108, 111).  
There is also evidence that environmental conditions can affect the cell surface 
features of a cell these changes have been linked to susceptibility to antimicrobial 
treatment. Previous studies have found that acid adapted, osmotically stressed, or cells 
pre-exposed to potassium lactate can select for protection against nisin due to cell 
surface changes (10, 75, 129). The success of nisin has also been shown to be affected 
by environmental pH and temperature (1).  
Food products can expose pathogens to a wide range of conditions including 
different acidity levels, temperatures, ingredients, and processing steps. Exposure of 
bacterial cells to these unique environmental conditions can lead to unexpected 
changes within the cell population. It is necessary to understand how these changes 
affect cell envelope composition and therefore susceptibility to interventions. 
Researching these effects can assist in the development of robust treatment methods 
against foodborne pathogens.   
Bacteriophages 
Bacteriophages and Host Interactions 
 Bacteriophages, or bacterial viruses, are obligate intracellular parasites that lack 
a metabolism. They require a host cell to replicate and spread (119). Bacteriophages 
are extremely diverse and have been shown to outnumber bacteria in most 




They are a major player in bacterial ecosystem dynamics and have significant effects on 
bacterial populations (22). Frederick W. Twort (1915) and Felix d’Herelle (1917) were 
among the first scientists to describe bacteriophage and begin modern day phage 
research (122). 
 A bacteriophage particle typically consists of a single-stranded or double-
stranded DNA or single stranded RNA molecule which is encapsulated in a protein coat. 
This protein coat is usually an icosahedral shape where the size is determined by the 
length of genetic information inside (61). The other parts of the phage particle are the 
sheath and tail fibers. These components all work together to generate a successful 
infection of a host cell.  
Bacteriophages can be divided into two main groups: virulent and temperate 
phages. Virulent or lytic phages immediately replicate and lyse their host cell within 
hours after the initial infection. All phages used as antimicrobial agents in the food 
industry are virulent phages. Temperate or lysogenic phages work much slower and can 
have a stable relationship with their host cell (22).  
Temperate phages integrate their genetic material into the host’s genome at a 
specific location and maintain a constant relationship with their host cell. Once the 
genetic material is integrated, the phage is known as a prophage. The phage genome is 
then replicated with the host’s chromosome and any virus genes that could be harmful 
to the host are not expressed. These integrated genes have been shown to have 
varying effects on the host cell including protection from phage infection and increased 




the prophage can be stimulated to create virulent phage particles. This process can 
occur spontaneously and results in the switch from lysogenic to lytic cycle. As more 
virulent particles are released from the cell, the cycle begins again as the phages look 
for more host targets (22). 
 The lytic phage infection cycle follows similar steps that must be carried out 
efficiently for the virus to replicate and spread. The first step is adsorption or attachment 
to the host cell. This is done by recognition of a specific binding site on the cell surface. 
In Gram-negative bacteria, many of the proteins in the cell envelope can be used as 
binding sites (66). In Gram-positive cells, however, the process of phage binding is 
much more complex. Therefore, more specific binding sites are used by bacteriophages 
infecting these types of cells. For example, substituents of teichoic acids such as 
GlcNAc and Rha in L. monocytogenes are known phage receptors for specific Listeria-
phages. The bacteriophage utilizes its tail fibers to bind to these specific receptors  
(137). 
 After initial attachment to the host cell, the genetic material must be transferred 
through the cell envelope into the cytoplasm for the phage to replicate (21). To break 
through the cell wall barrier, the tail fibers deploy enzymes that break down the 
peptidoglycan layers and protect the genome from pre-mature extrusion. The genome is 
then drawn into the cell using metabolic energy and a membrane potential mechanism 
(83). Many phages also avoid exonucleases and restriction enzymes within the cell by 




 After the bacteriophage genome is internalized into the cell, the host’s RNA 
polymerase recognizes promoters on the phage genome. This leads to transcription of 
the early genes (22). These genes are typically responsible for hijacking the metabolic 
machinery in the host and creating an optimal environment for phage replication (22, 
92). Once this is achieved, the host machinery is used to replicate the genome and 
create phage particles. The phage particles are then assembled and matured into whole 
virulent bacteriophages and released from the cell typically by lysing and killing the host 
(22, 139).  
 In food applications, lytic phages have been targeted as a biocontrol due to their 
ability to reduce pathogenic bacterial populations (69). As phages are abundantly 
available and self-replicating, they can work as a natural biocontrol for unwanted 
pathogens in the food processing facility.  
Phage Application in Food Processing 
Bacteriophages have recently been explored as a biocontrol for L. 
monocytogenes and many other foodborne pathogens (69). Phages are easy to find in 
the environment and are often incidentally consumed regularly through water and food. 
No undesirable side effects have occurred from the consumption of bacteriophage 
laying the groundwork for recognition as a safe treatment for use in food manufacturing 
and on foods. Bacteriophages have been widely evaluated for efficacy by various 
segments of the food industry (88).  
The Food and Drug Administration has approved the use of commercial phage 




bacteriophage products that currently exist to treat L. monocytogenes in a variety of 
food products. In the United States, a commercial product called ListShield, 
manufactured by Intralytix (Baltimore, MD, USA), is a phage cocktail consisting of P100-
like phages used for the treatment of L. monocytogenes. Various studies have reported 
successful reduction of L. monocytogenes in food matrices to as low as undetectable 
levels (57, 60, 100). It’s also been shown that this phage cocktail can also be effective 
against L. monocytogenes biofilms in food contact surface treatment (112). 
There are four essential applications of phage in the food processing 
environment that have shown to be effective in control of foodborne pathogens (119). 
The first is phage therapy which is typically a pre-harvest treatment used in the meat 
industry. Though there is no oral treatment commercially available, much research has 
been done to show the effectiveness of phage therapy on live animals (96, 107, 110). 
This method is used to treat contamination at the source and reduce mortality and fecal 
shedding of foodborne pathogens in poultry and livestock (119).  
The second method of phage application is post-harvest control. This is the 
reduction of bacterial populations in foods at the food processing level. This is most 
commonly done by applying the phage directly to the food product on the processing 
line. The third method is sanitation. Sanitation is disinfecting the food contact surfaces 
themselves by applying phage (119). The last application is preservation. This method 
is used to prevent contamination in products during storage. Multiple studies have 
shown the success of applying phage to food packaging materials to keep products free 




L. monocytogenes is known for its ability to form biofilms on common food 
manufacturing plant surface materials such as stainless steel, rubber, and plastic. 
Scratches on food contact surfaces can also lead to biofilm formation due to pits or 
cracks that are difficult to clean (9, 14). In these cases, phages can also be used on 
surfaces within the plant to prevent cross contamination. In a study performed by 
Chaitiemwong et. al (2014), it was found that bacteriophages had better antimicrobial 
effect in shallow grooves than chemical disinfectants. They concluded that the use of 
bacteriophages could be beneficial in some cases but use of large quantities could turn 
out to be costly and the risk of phage resistance is a possibility (23).  A more recent 
study showed that phage application to stainless steel coupons and rubber surfaces 
had a 1-2.4 log reduction of L. monocytogenes when in biofilms (112). These studies 
show that phage treatment is not only beneficial for direct food contact but also for 
treatment of food contact surfaces. 
There are many benefits to consider when using bacteriophage as a control 
strategy. It offers high specificity to a target host while leaving desirable bacteria 
untouched. Phages are also self-replicating and can grow to large numbers from a small 
dose. They are always on a continuous cycle with their hosts that allow them to adapt to 
host defense mechanisms and they also provide a natural antimicrobial control method 
which has been becoming increasingly popular in food production today. Lastly, they 
can withstand the stressors found in food processing environments (69, 119). 
When creating a phage based treatment method, it’s important to understand the 




product. As summarized by Hagens and Loessner (64), the following key principles 
must be considered. The selected phage or phages must have a broad host range that 
is capable of infecting multiple strains of the target organism. This is done to minimize 
potentially resistant strains from colonizing the product or processing plant. The phages 
used should also be strictly lytic serving only the purpose of lysing host cells. The 
genome of the phages must be known and genes associated with any potential 
allergenic proteins must be absent. All phages used in products must be certified GRAS 
and should maintain stability over a long period of time. Lastly, it’s also beneficial to 
have a phage treatment that is easily scalable for production (48, 63). The combination 
of these principles can lead to successful a bacteriophage treatment intervention 
capable of reducing pathogenic populations in food products. 
Despite the many advantages of phage treatment, there are still many drawbacks 
and much needed research to improve this method of control in food processing 
facilities. One of the largest concerns with bacteriophage treatment is the accumulation 
of phage resistance within the target populations. It’s been previously shown that phage 
predation can induce phage resistance in host cells (40, 121) It’s also known that 
environmental factors can play a part in phage infection efficiency. This is especially 
important to consider when working with a diverse array of food products (125). In a 
constantly changing process it’s crucial to understand all aspects of bacteriophage 





Listeria phages are commonly found in sewage, silage, food processing plants, 
and soil. These are phages that specifically target L. monocytogenes either in a 
lysogenic or lytic matter. Over 500 Listeria specific phages have been discovered but 
only a few have been completely genetically analyzed. All of the known Listeria phages 
belong to the Caudovirales order. These viruses contain a tail and double stranded 
DNA. Though many of the existing Listeria phages follow a temperate cycle, there are 
some virulent Listeria-phages that have been well studied especially for their food 
application purposes (64).  
Listeria-infecting phages follow the typical virulent infection steps starting with 
attachment and entry. As previously described, Listeria-phages recognize and bind to 
the wall teichoic acids on the cell envelope of L. monocytogenes (12, 36, 62). This 
attachment allows for entry into the cell, replication of the DNA, and eventual lysis of the 
host.  
As previously described, it’s known that the environmental conditions in which 
the cell is subjected to can have an effect on cell envelope composition (1, 10, 75, 108). 
Since the cell envelope contains the binding sites for Listeria-phages, the success of 
phage binding can also be altered in these conditions. Thus, the cell’s susceptibility to 
bacteriophage infection can be changed. With more research on the effectiveness of 
phage based treatment methods, it’s necessary to understand the effects environmental 
conditions can have on phage-host interactions (37). This research can help develop 




Dairy Processing and Safety 
 Dairy products have been around for thousands of years and have created a 
large industry to this day with a multitude of products including milk, cheese, cream, 
butter, yogurt, and ice cream. The processing of these products is essential to microbial 
safety but can be very challenging due to the nature of milk. Raw whole milk consists of 
fat, protein (casein and whey), lactose, and ash. In the United States, the dairy industry 
is regulated by the Grade A Pasteurized Milk Ordinance (116). This ordinance controls 
milk production, transportation, and processing to produce high quality and safe 
products for consumption (26).  
 In the United States, most of the milk comes from farmers’ cooperatives and 
individual contracts. The first step of the dairy process is collecting the raw milk at dairy 
farms. This milk is then transported to the dairy plant where it is separated into cream 
and skim milk and mixed with dry ingredients. This product is then sent to the 
pasteurizer where the most important microbial kill step is located. Pasteurization is 
used to kill any pathogenic bacteria that may be present in raw milk. Pasteurization is 
typically conducted through plate heat exchangers and heat time is dependent upon 
PMO standards. The standards are calculated using thermal death time studies for 
various pathogens that can found in milk. Typical processing involves high temperature, 
short time (HTST) processing. For whole, low-fat, and skim milk, this process treats the 
milk for 15 seconds at 72°C (26, 116). 
 After pasteurization, milk can either be packaged directly for sale or used to 




process, it is crucial that this step is successful or other forms of biocontrol must be 
implemented. Overall, milk is threatened by many microorganisms including pathogenic 
and spoilage organisms. The short list of these include Campylobacter jejuni, 
Escherichia coli, Salmonella, Yersinia enterocolitica, Staphylococcus aureus, L. 
monocytogenes, and Coxiella, and Clostridium species (2, 115). Because of this, milk 
quality assurance and safety is of utmost importance to dairy processors.  
 L. monocytogenes is a growing problem in the dairy industry especially as 
unpasteurized products such as soft cheeses become increasingly popular. It’s ability to 
grow at refrigeration temperatures also makes it a concern for dairy processors as 
products are often stored or ripened in these temperatures. Though the chances of 
contamination are low, there have still been several outbreaks in dairy products such as 
cheese, milk, and ice cream (71, 93, 102).  
Dairy products also have unique environmental conditions including varying 
storage and ripening temperatures and acidity. As previously discussed, it’s known that 
environmental factors can influence cell surface physiology of L. monocytogenes. As 
these factors in dairy products can be variable, it’s important to understand the changes 
that occur when L. monocytogenes is exposed to these conditions and subsequently 
how they affect susceptibility to antimicrobial treatment. Examining these effects on cell 
surface physiology can help in the development of improved control strategies for 
pathogens in dairy products. The purpose of this study is to observe cell envelope 
changes in L. monocytogenes when cells are exposed to various dairy related 



























CHAPTER TWO  
LISTERIA MONOCYTOGENES CELL ENVELOPE PHYSIOLOGY IS 
























Listeria monocytogenes is a recurring problem in the dairy industry causing a 
multitude of recalls and unfortunately some outbreaks in a variety of products including 
milk, cheese, and ice cream. Its ability to tolerate and thrive in a wide range of 
conditions makes it even more of a concern for dairy manufacturers. Many industry 
interventions such as antimicrobials work by targeting the cell envelope. There is clear 
evidence, however, that the cell envelope components are affected by exposure to 
different environmental conditions. Here, we examined and characterized L. 
monocytogenes cell envelope changes when cells were exposed to varying dairy 
relevant pH (5.7, 6, 6.2, 6.5) and temperature (6°, 14°, 22°, 30°C) conditions. Two 
known Listeria-phages (LP-048 and LP-125) and cytochrome c were used in binding 
assays to determine cell surface changes in selected laboratory, dairy outbreak, and 
mutant L. monocytogenes strains. The results of these assays showed significant 
differences in binding efficiency within strains grown in a range of dairy pHs and 
temperatures. These data suggest that growth pH and temperature influence binding 
efficiency of Listeria-phages and cytochrome c and thus affect specific cell envelope 
characteristics. The results found were strain-dependent meaning that similar strains did 
not always show similar effects. The data presented here clearly show that cell 
envelope composition is affected by environmental conditions and thus cell envelope-
acting treatment methods may not always be as effective in these environments. This 
should be considered when designing effective treatment methods in the prevention of 





L. monocytogenes is a Gram-positive rod bacterium that is found ubiquitously 
throughout the environment (41). It can cause a severe disease known as listeriosis. 
The fecal-oral route is the most common mode of transmission of L. monocytogenes 
which makes contaminated food one of the greatest sources of Listeria infection in both 
humans and animals (67). As a psychrotrophic organism, it can tolerate and grow at 
temperatures as low as -0.4°C (134). It also can grow in a wide pH range of 4.6 to 9.5, 
low moisture content or high salt conditions (46, 90). Bacterial cells can be exposed to 
many stressors in a food processing environment such as different temperatures and 
acidity, chemical sanitizers, and antimicrobials (18, 28).  Due to its resilient nature, L. 
monocytogenes is able to persist in food processing environments causing deadly 
foodborne outbreaks (19).  
Listeriosis can be a severe disease resulting in neurological illness such as 
meningoencephalitis or neonatal listeriosis (41). Clinical listeriosis mainly occurs in 
young, old, pregnant, or immunocompromised individuals (87). In 2010, it was 
estimated that over 23,000 illnesses were caused by L. monocytogenes worldwide. Of 
these cases, approximately 5,500 deaths were estimated to occur (87).  In the United 
States alone, an annual estimated 1,455 cases are predicted to be caused by L. 
monocytogenes with a 94% hospitalization rate and 15.9% death rate of those infected. 
This makes L. monocytogenes the third most leading cause of death due to foodborne 




In 1987, the U.S. Food and Drug Administration created a zero-tolerance policy 
for L. monocytogenes in ready-to-eat (RTE) products to overcome this burden of 
foodborne illness. This means that if any L. monocytogenes is detected in these types 
of products, then the product is labeled as adulterated (117, 128). Thus, the presence of 
L. monocytogenes can be particularly detrimental to a food company. It’s estimated that 
a single product recall can cost $160 to $300 thousand in damages (70). In the United 
States, it’s estimated that the annual cost of L. monocytogenes is around $2.3 to $22 
billion (70). The strict no tolerance policy and heavy costs of L. monocytogenes has 
made efforts to prevent this pathogen from entering a food system a high priority by 
manufacturers (128). 
  In recent times, the dairy industry specifically has experienced several Listeria 
outbreaks in a variety of products including milk, cheese, and ice cream (71, 93, 102). 
The use of cell envelope-acting antimicrobials in dairy processing has shown great 
potential in decreasing or preventing the growth of L. monocytogenes in many situations 
(57, 58, 78, 86). However, dairy products have unique characteristics that may change 
the effectiveness of these interventions.  
 The cell envelope serves many purposes including the first line of contact and 
protection for the cell. The cell envelope of L. monocytogenes, a Gram-positive 
organism, consists of an inner cell membrane and a thick peptidoglycan layer containing 
wall teichoic acids (WTA), and lipoteichoic acids (LTA) (118). These components 
interact with many antimicrobials and therefore contribute to the susceptibility of the cell 




 It has been previously shown that effectiveness of nisin treatment, a cell 
envelope-acting bacteriocin, is affected by environmental growth conditions including 
pH and temperature (1). Other interventions including phage-based applications, are 
also affected by the conditions in which L. monocytogenes is exposed (37). However, 
there are still many unknown mechanisms involved in this field of research. For the 
dairy industry specifically, understanding how these product’s unique conditions 
influence the cell envelope composition and subsequent antimicrobial susceptibility is 
crucial for developing the most effective control strategies.  
In the dairy industry, there is a wide range of temperatures used for ripening and 
storage of products. This can range anywhere from refrigeration to above room 
temperature (13). There are also differences in acidity between products (81). The goal 
of this study was to observe cell surface changes that occur when L. monocytogenes 
strains are exposed to varying dairy relevant temperatures and pHs. These cell surface 
changes were observed using cell envelope binding bacteriophages and a cell wall 
charge indicator cytochrome c as measurement tools. A variety of L. monocytogenes 
strains were used including lab model strains (serotype 1/2a and 4b), dairy related 
outbreak strains (CDC), and mutant strains lacking various cell surface features. The 
key objective of the study was to characterize expression of L. monocytogenes cell 




Materials and Methods 
Bacterial Strains and Growth Conditions 
Bacterial strains were stored in glycerol stocks at -80°C. Strains were streaked 
from 15% glycerol stocks onto BHI agar plates and incubated for 16±1 h at 37°C. Single 
colonies were inoculated into 5mL liquid BHI and incubated in a shaking water bath at 
30°C for 16±1. These overnight cultures were then spread plated on skim milk agar 
(SMA) plates comprised of 10% (wt/vol) skim milk powder (Becton Dickinson Co., 
Sparks, MD), 0.1% (wt/vol) glucose (Fisher Scientific, Fair Lawn, NJ), 0.25% (wt/vol) 
yeast extract (Oxoid Ltd, Hampshire, UK), and 1% (wt/vol) agar (Fisher Scientific). L. 
monocytogenes cells were subjected to two different sets of environmental conditions 
(pH and temperature). The pH experiments were conducted using SMA plates buffered 
with 0.5 M 2-(N-morpholino)ethanesulfonic (MES) acid buffer (Fisher Scientific) adjusted 
to pH 5.7, 6.0, 6.2, and 6.5 ± 0.1. Listeria strains were incubated on these pH adjusted 
plates for 48 hours at 30°C. The temperature experiments were conducted by 
incubating the SMA plates at 6, 14, 22, 30 ± 0.5°C for 11, 5, and 2 days (22°C and 
30°C), respectively. Incubation periods were set to obtain a lawn of bacterial cells. 
Bacterial strains used in this study can be found in Table 11. 
                                            




Phage Strains and Preparation of Stocks  
Phage lysates were prepared as previously described (132) and stored in the 
dark at 4°C. Phage enumeration was conducted after serial dilution with SM Buffer 
(100mM NaCl (Fisher Scientific), 8 mM MgSO4·7H2O (Acros Organics, Fair Lawn, NJ), 
0.002% [wt/vol] gelatin (Fisher Scientific), and 50 mM Tris-Cl adjusted to a pH of 7.5 
(Fisher Scientific)) followed by a double-agar overlay plaque assay (79) using modified 
LB-MOPS media (LB medium buffered with 50 mM morpholinepropanesulfonic acid 
[MOPS] at pH of 7.6 (Fisher Scientific)). Agar overlays were made with 0.7% (wt/vol) 
LB-MOPS agar supplemented with glucose (0.1% wt/vol) and 10 mM each MgCl2 and 
CaCl2. Agar underlays were made with 1.5% LB-MOPS also supplemented with glucose 
and salts as previously described (36). Plated phage samples were incubated at 25°C 
for 16±2 hours. Phages used in this study can be found in Table 1.  
Cell Collection, Washing, and Standardization  
After incubation, cells were collected to carry out two different assays to detect 
differences in cell surface composition. To collect the cells, they were gently scraped 
from the plate surface using an inoculating loop. The cells were then washed by 
spinning and re-suspending 3 times (8,000	× g for 5 min at 4°C, Thermo Scientific 
Sorvall Legend Micro21R model, Waltham, MA) with either SM buffer for phage binding 
assays or MOPS buffer (20mM at pH 7.0) for cytochrome c binding assays. After the 
last suspension, the optical density was measured at 600nm (Thermo Scientific 




cultures were standardized using SM buffer to OD600 = 0.05. The cytochrome c cultures 
were standardized using MOPS buffer to OD600 = 0.1. 
Bacteriophage Binding Assays  
Bacteriophage stocks of LP-048 and LP-125 were diluted to a concentration of 1 
× 109 PFU/mL. Concentrated phage was added with the standardized cell culture 
(OD600 = 0.05) to obtain a phage concentration of approximately 2 × 107 PFU/mL for 
each experimental condition. Tubes were gently inverted to evenly disperse the sample. 
Assays were incubated at 25°C for 15 min. Samples were then centrifuged (16,000 × g 
for 2 min at 4°C) and the supernatant was collected and serially diluted in SM buffer for 
enumeration of phage in the supernatant. Dilutions were plated via double agar overlay 
plaque assay using modified LB-MOPS. Agar overlays and underlays were prepared in 
the same manner as described above. L. monocytogenes Mack strain was used for 
enumeration. Plates were inverted and incubated at 25°C for 16±2 hours. PFU/mL was 
calculated for each sample and log10 reduction was calculated by subtracting the log-
transformed number of phage in the supernatant from the log-transformed number of 
phage in the negative control (no cells). 
Cytochrome c Binding Assays  
Master stocks of cytochrome c from bovine heart (Sigma-Aldrich, St. Louis, MO) 
were made at a concentration of 5 mg/mL in sterile water. Working stocks of 500 µg/mL 
were made from dilutions of the master stock. All cytochrome c stocks were stored at -




each condition to obtain a final cytochrome c concentration of 50 µg/mL. Tubes were 
gently inverted and incubated at room temperature (18±1°C) for 10 min. Samples were 
centrifuged (16,200 × g for 5 min at room temperature) and the supernatant was 
collected. The optical density of the supernatant at 410nm was measured and recorded. 
The reduction OD410 of cytochrome c was calculated by subtracting the OD410 of the 
supernatant from the OD410 of the negative control (no cells). 
Statistical Analysis  
Experiments were all replicated 3 times and values reported for each experiment 
were the average of two duplicate samples. The log10 reduction and reduction OD410 of 
cytochrome c for each condition were analyzed using JMP (Version 13. SAS Institute 
Inc., Cary, NC). 
Linear models were constructed using the factors strain or condition. Biological 
replicate was also added to the model as a random factor. Log10 reduction was the 
model response for phage binding experiments, whereas reduction OD410 of cytochrome 
c was the model response for cytochrome c binding experiments. Pairwise comparisons 
were made using lsmeans with Dunnett’s test (mutant experiments) and Tukey’s range 





Growth pH and Temperature Affects Phage and Cytochrome c Binding to Wild-
type 10403S Strain  
Phage binding experiments using LP-048, a rhamnose binding phage, with 
laboratory wild-type strain 10403S grown in a range of dairy relevant pHs found that 
wild-type exhibited a positive linear trend with the highest known value at a pH of 6.5. 
Log reduction or approximate phage bound at pH 6.5 was significantly different than 
phage binding at 5.7 and 6. This showed that as pH increased from 5.7 to 6.5, phage 
binding also increased (Figure 1A).  
Phage binding experiments using LP-125, a rhamnose and N-acetylglucosamine 
binding phage, with wild-type 10403S grown in various pH showed a similar result. With 
this phage, a positive linear trend was also seen with significant differences in phage 
binding occurring between pH 5.7 and 6.5. This showed that phage binding increased 
as the growth pH increased (Figure 1B). Overall these experiments showed that pH 
influences binding efficiency of LP-048 and LP-125 suggesting that rhamnose or N-
acetylglucosamine are changing on the cell surface in these different conditions. 
L. monocytogenes strain 10403S showed negative quadratic trends in phage 
binding for both LP-048 and LP-125 as temperature increased. For LP-048, significant 
differences were found between 14°C and 22°C from 6°C and 30°C (Figure 2A). A 
similar result was found using LP-125 with significant differences between 14°C and 
22°C from 6°C (Figure 2B). This means that the growth temperature had significant 




that changes in rhamnosylation or N-acetylglucosamine regulation are occurring when 
cells are exposed to different temperatures.  
To further show the significance of environmental conditions and cell surface 
features, cytochrome c was used to show changes in cell envelope charge. Wild-type 
10403S strain showed significant differences in cytochrome c binding as growth 
temperature changed. Significant differences were seen between 14°C and 30°C from 
22°C (Figure 3). As cytochrome c is a negative charge indicator, it is inferred that more 
cytochrome c adsorption would mean a higher negative charge on those cells. These 
results show that less cytochrome c is adsorbed to cells grown at 14°C and 30°C than 
those grown at 22°C. Electronegativity of the cell is influenced by the structures that 
make up the cell envelope (136). Since cytochrome c measures the cell surface charge, 
these data suggest that cell envelope composition is affected by the cell’s growth 
conditions.  
Mutant Strains Lacking Specific Cell Surface Features Had Significant Differences 
in Phage and Cytochrome c Binding When Subjected to Various Conditions  
A specific set of L. monocytogenes 10403S mutant strains were tested in both 
phage binding and cytochrome c binding assays. These strains were selected as they 
contain mutations that affect specific cell envelope characteristics. Strain ∆dltA contains 
a mutation in the dlt operon which is responsible for incorporating D-alanine in the 
teichoic acids of the cell envelope. With this mutation, the net negative charge of the cell 
is reduced which influences the binding of cationic compounds (77). Strains 10403S 




decorations. 10403S 541M is deficient in N-acetylglucosamine (GlcNAc), a major 
receptor for LP-125. 10403S 542M is deficient in rhamnose (Rha), a major receptor for 
LP-048 and LP-125. These WTA decorations are sites for phage binding receptors for 
LP-048 and LP-125 (36). Lastly, the mutants ∆mprF and ∆mprF∆dltA contain deletions 
in the mprF gene resulting in loss of lyslphosphatidylglycerol (L-PG), a cell envelope 
compound. L-PG is responsible for a net positive cell membrane charge and repulsion 
of cationic peptides. The loss of this compound makes the cell more negatively charged 
and susceptible to cationic antimicrobials (120).  
The mutant 10403S strains were tested under the same growth conditions, 
temperature and pH, and compared to wild-type 10403S within each condition. For 
phage binding of LP-048, strain 10403S ∆dltA showed significant difference in phage 
binding from 10403S at a pH of 5.7.  Strains 10403S (541M) and ∆mprF showed 
significantly higher phage binding than 10403S at a pH of 6.5 (Figure 4A). No significant 
differences were seen when testing pH and LP-125 binding (Figure 4B).  
For phage binding using LP-048, a significant difference was found between the 
∆mprF mutant and wild-type at 22°C and 30°C with higher phage binding occurring in 
the mutant strain at these temperatures (Figure 5A). No other significant differences 
were seen when testing pH with this phage. LP-125 phage binding also found 
differences in the ∆dltA∆mprF and ∆mprF strains. ∆dltA∆mprF showed significantly 
higher phage binding of LP-125 at 6°C, 22°C, and °30C. ∆mprF mutant showed 




For cytochrome c binding to mutant strains grown in different pHs, only the 
double mutant ∆dltA∆mprF showed a significantly higher reduction OD410 at a pH of 5.7 
from the wild-type (Figure 6). The same mutant ∆dltA∆mprF showed significantly higher 
cytochrome c binding from the wild-type when grown at 14°C and 30°C. 10403S (541M) 
also showed significantly higher cytochrome c binding at 30°C (Figure 7). Overall, these 
data suggest that cell surface features are changing when cells are exposed to varying 
dairy relevant conditions. The specific mutations of these strains involve cell envelope 
components and the differences seen suggest changes in expression during exposure 
to environmental conditions. 
Growth Temperature and pH Influence Phage Binding and Cytochrome c Binding 
on Dairy Related Outbreak Strains and Serotype 4b Lab Strain   
When testing phage binding with dairy related outbreak strains, different results 
were found using LP-048 for each strain. FSL R9-5621 (Ricotta cheese 2012, serotype 
1/2a) showed significantly higher phage binding at a pH of 6 than 5.7. FSL R9-5623 
(Semi soft fresh style cheese 2013, serotype 4b) showed significantly lower phage 
binding of LP-048 at pH 6.5 than pH 6. There was also a significantly lower phage 
binding in FSL R9-5624 (Queso fresco 2013, serotype 1/2b) at pH 6 than pH 5.7 which 
is the opposite of FSL R9-5621, the other serotype 1/2 strain. Overall, both serotype 1/2 
strains, showed higher phage binding of LP-048 in all pH conditions than both serotype 
4b strains (Figure 8A). No significant differences were seen using LP-125 on these 




Different results were seen in phage binding experiments using LP-048 and 
growth temperatures. FSL R9-5621 (serotype 1/2a) showed significant differences in 
binding at 22°C and 30°C while FSL R9-5625 (serotype 4b) showed differences 
between 6°C and 30°C (Figure 9A). However, when testing phage binding of LP-125, 
FSL R9-5621 did not show any significant differences while FSL R9-5623 (serotype 4b), 
FSL R9-5624 (serotype 1/2b), and FSL R9-5625 (serotype 4b) did. FSL R9-5623 
(serotype 4b) had significantly higher binding of LP-125 at 22°C and 30°C than at 6°C 
and 14°C. FSL R9-5624 (serotype 1/2b) had differences between 14°C and 30°C while 
FSL R9-5625 (serotype 4b) had differences between 6°C and 30°C (Figure 9B). These 
results suggest that higher and lower temperatures change the surface features that 
affect phage binding of LP-125 and that the patterns can be different among similarly 
serotyped strains.  
Cytochrome c binding experiments using dairy outbreak strains also 
strengthened this result. Growth pH showed significant influence on reduction OD410 for 
one outbreak strain, FSL R9-5625. There was significantly lower cytochrome c binding 
at pH 6.5 than at pH 6. No significant differences were found for FSL R9-5621, FSL R9-
5623, and FSL R9-5624. To further examine these differences, model lab strain F2365 
was also tested and significant differences between pH 5.7, 6, 6.2, and 6.5 were found 
(Figure 10).  
When testing the effect of temperature on cytochrome c binding, both serotype 
1/2 strains showed significant differences between conditions. FSL R9-5621 had 




5624 showed the opposite with significantly higher binding occurring in cells grown at 
30°C than at 6°C and 14°C (Figure 11). Overall, these results suggest that cell surface 
changes are occurring when cells are exposed to varying dairy relevant environmental 
conditions. It also suggests that differences in binding efficiency are variable between 
strains even if they are similar in nature.  
Discussion 
 In this study, we examined the effect of growth temperature and pH on the 
efficiency of phage binding and cytochrome c binding to a variety of L. monocytogenes 
strains. The use of bacteriophages and cytochrome c as two cell envelope binding tools 
helped measure the changes in cell surface composition in each environmental 
condition. Overall, this study showed that (i) growth pH and temperature significantly 
influence binding efficiency of both phages and cytochrome c, (ii) significant trends in 
binding occur within strains but are not always the same between similar strains and 
conditions, (iii) it is difficult to predict the effects of temperature and pH due to the strain-
specific changes that occurred. The results of this study are also important as it’s been 
previously shown that cell envelope changes can affect sensitivity to antimicrobial 
treatment. Understanding the effects on Listeria cell surface properties are important to 
the dairy industry as L. monocytogenes contamination has occurred in these products. 
Dairy products also expose bacteria to a wide range of environmental conditions which 





 Our study found that the binding efficiencies of Listeria-phages and cytochrome c 
to L. monocytogenes strains were influenced by the environmental growth conditions. 
Listeria-phages and cytochrome c were used as they bind to cell envelope components 
specifically so therefore could assess the cell envelope changes occurring in cells 
grown in different environmental conditions. These results are consistent with other 
studies that have shown that environmental conditions affect L. monocytogenes cell 
envelope charge and composition. For example, one study (56) showed that cell wall 
modifications occurred in L. monocytogenes strain 10403S exposed to bile conditions at 
a pH of 5.5. They found that the dltABCD operon, which is responsible for D-alanylation 
of LTAs, was induced when cells were exposed to bile acidic conditions (77, 108).  
It has also been shown that genes affecting the cell surface features such as dlt, 
ami, and mur, are transcriptionally regulated by alternative sigma factor σB (8). We know 
that many factors such as acid and temperature stress cause σB mediated shifts in 
global gene expression essentially affecting the cell surface components expressed by 
transcription of σB  (7, 25, 43). A study observing the effects of environmental stress on 
σB expression showed that active expression was induced in random patterns when L. 
monocytogenes cells were exposed to high heat and salt conditions (59). Heat and salt 
stress were found to activate σB but only under certain conditions. Similar results 
showing environmental effects on σB have also been found in other species such as 
Staphylococcus aureus and Bacillus subtilis (17, 24). This is relevant to our study 
because it shows how specific cell surface features are affected when the cells are 




Cell envelope effects have also been seen using similar phage binding 
experiments. For example, Escherichia coli, was found to down regulate the phage 
receptor λ (LamB) when exposed to quorum sensing signals (37, 68, 80). These phage-
host interactions have not been as well studied in Gram-positive organisms nor have 
they addressed specific cell growth conditions as a factor. However, one study did find 
that temperature influenced phage adsorption in L. monocytogenes that was likely to be 
caused by temperature dependent regulation of WTA decorations rhamnose and N-
acetylglucosamine (125). These studies also relate to this study as they show how 
environmental growth conditions can have different effects on cell envelope 
components which supports our idea that dairy relevant conditions influence cell 
envelope composition. 
 This study also showed that significant differences and trends were not 
consistent across strains. This can clearly be seen in the dairy related outbreak strains 
and the dissimilarity in binding efficiency and trends between strains. Another study 
found similar strain-specific effects in the development of nisin resistance when L. 
monocytogenes cells were exposed to different environmental stressors (51). The same 
study previously mentioned (56) on effects of bile stimulon on L. monocytogenes also 
found strain-specific patterns in their results. These data support our findings that strain-
specific results are likely to occur due to differences in expression of cell envelope 
components. It also suggests how it is difficult to predict environmental effects on cell 




 Lastly, these changes in cell envelope components have also been found to 
affect the bacterial sensitivity to cationic antimicrobial peptide (CAMP) treatment. For 
example, B. subtilis was found to achieve lysozyme resistance with modification of its 
cell envelope through O-acetylation and D-alanylation of teichoic acids (55). Another 
study (77), showed that alteration of dltA led to increased sensitivity to CAMPs nisin and 
gallidermin in Streptococcus pneumoniae, a Gram-positive bacteria. Cationic 
antimicrobial sensitivity has also been observed in MprF-deficient strains. MprF, multiple 
peptide resistant factor, contributes to the synthesis of lysylphosphatidylglycerol, a 
phospholipid that contributes to a net positive charge on the cell surface giving 
resistance to CAMPs. A study (120) showed that inactivation of mprF in S. aureus gave 
increased sensitivity to CAMPs and attenuated virulence. MprF has also been found in 
Listeria species with the same function of lysinylation of phospholipids on the cell 
surface also contributing to CAMP resistance (123). These studies show the different 
effects that cell envelope features have on antimicrobial sensitivity which is important to 
note when developing control strategies in the food industry. This is important to know 
in relation to our study in which we show significant differences in binding efficiency of 
bacteriophage and cytochrome c to L. monocytogenes grown in dairy product conditions 
which could affect the susceptibility to antimicrobial treatment. 
Overall, the data collected from this study shows the significant influence that 
dairy related environmental conditions have on cell surface composition in L. 
monocytogenes. Understanding the cell surface and its effect on antimicrobial 




show the complexity of a single species of Listeria and how effects cannot always be 
predicted even between similar strains. This implies that susceptibility to interventions 
may be different between these strains even though they were subjected to the same 
conditions. It supports the idea that dairy companies must remain vigilant in their food 
safety programs. They must continue to take environmental samples and not always 
rely on the same treatment methods in all their plant processes. Our study shows how 
complex the mechanisms for antimicrobial susceptibility and resistance are and how 
environmental conditions can impact those mechanisms. This research shows a future 
need for studies to understand the specific cell surface changes that affect susceptibility 
to current antimicrobial interventions, in addition to designing control interventions that 
can be targeted for specific conditions for greater impact. 
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Table 1. Bacterial Strains and Phages Used in the Study 




10403S Lineage II, serotype 1/2a Bishop and Hinrichs, 
1987 
Mack Lineage II, Serotype 1/2a Hodgson, 2000 
F2365 Lineage I, serotype 4b Wesley and Ashton, 
1991 
FSL R9-5621 Outbreak strain, 2012 ricotta cheese, CDC  
FSL R9-5623 Outbreak strain, 2013 semi soft fresh style 
cheese, CDC 
 
FSL R9-5624 Outbreak strain, 2013 queso fresco, CDC  
FSL R9-5625 Outbreak strain, 2014 soft cheese, CDC  
∆dltA Deletion mutation (Δ) of LMRG_02073 (dltA); 
10403S background 
 
10403S (541_M) Nonsense mutation (NM) in LMRG_00541; 
10403S background; GlcNAc-+ 
Denes et al., 2015 
10403S (542_M) Nonsense mutation (NM) in LMRG_00542; 
10403S background; Rha-‡ 
Denes et al., 2015 
∆mprF∆dltA Deletion mutation (Δ) of (genes) (mprF and 
dltA); 10403S background 
 
∆mprF Deletion mutation (Δ) of (gene) (mprF); 10403S 
background 
 
Phages   
LP-048 P100-like Listeria phage, shown to infect 
serotype 1/2, 4a, 4b, and 4c strains, binds WTA 
decoration rhamnose 
Denes et al., 2014 
LP-125 P100-like Listeria phage shown to infect 
serotype 1/2, 3a, 3b, 4a, and 4b strains, binds 
WTA decorations rhamnose and GlcNAc 
Denes et al., 2014 
+The wall teichoic acids of the indicated strain lack N-acetylglucosamine (GlcNAc). ‡The wall 









Figure 1. Phage binding of (A) LP-048 and (B) LP-125 on wild-type 10403S strains 
grown at varying dairy pHs.  
Values shown are the log10 reduction of phage in the supernatant. This is calculated by 
subtracting the log-transformed number of phage in the supernatant from the log-
transformed number of phage in the negative control. Bars that do not share letters 
show significant difference (p < 0.05) and bars with no letters did not show significant 



















































Figure 2. Phage binding of (A) LP-048 and (B) LP-125 on wild-type strain 10403S 
grown at varying dairy temperatures. 
Values shown are the log10 reduction of phage in the supernatant. This is calculated by 
subtracting the log-transformed number of phage in the supernatant from the log-
transformed number of phage in the negative control. Bars that do not share letters 
show significant difference (p < 0.05) and bars with no letters did not show significant 





















































Figure 3. Cytochrome c binding on wild-type 10403S strain grown at varying dairy 
temperatures.  
Values shown are the reduction OD410 of cytochrome c in the supernatant. This is 
calculated by subtracting the log-transformed number of phage in the supernatant from 
the log-transformed number of phage in the negative control. Bars that do not share 
letters show significant difference (p < 0.05) and bars with no letters did not show 










































Figure 4. Phage binding of (A) LP-048 and (B) LP-125 on wild-type 10403S and 
mutant 10403S strains grown in varying dairy pHs.  
Values shown are the log10 reduction of phage in the supernatant. This is calculated by 
subtracting the log-transformed number of phage in the supernatant from the log-
transformed number of phage in the negative control. Significant difference is 
represented by * (p < 0.05), ** (p < 0.005), *** (p < 0.0001). Error bars show the 






























































































Figure 5. Phage binding of (A) LP-048 and (B) LP-125 and on wild-type 10403S 
and mutant 10403S strains grown in varying dairy temperatures. 
Values shown are the log10 reduction of phage in the supernatant. This is calculated by 
subtracting the log-transformed number of phage in the supernatant from the log-
transformed number of phage in the negative control. Significant difference is 
represented by * (p < 0.05), ** (p < 0.005), *** (p < 0.0001). Error bars show the 




























































































Figure 6. Cytochrome c binding to wild-type 10403S and mutant 10403S strains 
grown at varying dairy pHs.  
Values shown are the reduction OD410 of cytochrome c in the supernatant. This is 
calculated by subtracting the OD410 of the supernatant from the OD410 of the negative 
control. Significant difference is represented by * (p < 0.05), ** (p < 0.005), *** (p < 
































































Figure 7. Cytochrome c binding to wild-type 10403S and mutant 10403S strains 
grown in varying dairy temperatures.  
Values shown are the reduction OD410 of cytochrome c in the supernatant. This is 
calculated by subtracting the OD410 of the supernatant from the OD410 of the negative 
control. Significant difference is represented by * (p < 0.05), ** (p < 0.005), *** (p < 
























































Figure 8. Phage binding of (A) LP-048 and (B) LP-125 to dairy related outbreak 
strains grown at varying dairy pHs.  
Values shown are the log10 reduction of phage in the supernatant. This is calculated by 
subtracting the log-transformed number of phage in the supernatant from the log-
transformed number of phage in the negative control. Bars that do not share letters 
show significant difference (p < 0.05) and bars with no letters did not show significant 
















































































































Figure 9. Phage binding of (A) LP-048 and (B) LP-125 to dairy related outbreak 
strains grown at varying dairy temperatures.  
Values shown are the log10 reduction of phage in the supernatant. This is calculated by 
subtracting the log-transformed number of phage in the supernatant from the log-
transformed number of phage in the negative control. Bars that do not share letters 
show significant difference (p < 0.05) and bars with no letters did not show significant 














































































































Figure 10. Cytochrome c binding on lab strain F2365 and dairy related outbreak 
strains grown at varying dairy pHs. 
Values shown are the reduction OD410 of cytochrome c in the supernatant. This is 
calculated by subtracting the log-transformed number of phage in the supernatant from 
the log-transformed number of phage in the negative control. Bars that do not share 
letters show significant difference (p < 0.05) and bars with no letters did not show 






























































Figure 11. Cytochrome c binding on lab strain F2365 and dairy related outbreak 
strains grown at varying dairy temperatures. 
Values shown are the reduction OD410 of cytochrome c in the supernatant. This is 
calculated by subtracting the log-transformed number of phage in the supernatant from 
the log-transformed number of phage in the negative control. Bars that do not share 
letters show significant difference (p < 0.05) and bars with no letters did not show 
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